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. Multifunctional Titanium Surfaces for Orthopedic Implants:
. Antimicrobial Activity and Enhanced Osseointegration

3 Fiorela Ghilini, Natalia Fagali, Diego E. Pissinis, Guillermo Benitez, and Patricia L. Schilardi*

4 ABSTRACT: The use of implants in orthopedics and dental practice is a
s widespread surgical procedure to treat diverse diseases. However, peri-implantitis
6 due to infections and/or poor osseointegration can lead to metallic implant
7 failure. The aim of this study was to develop a multifunctional coating on titanium
8 (Ti) surfaces, to simultaneously deal with both issues, by combining antibacterial
9 silver nanoparticles (AgNPs) and regenerative properties of lactoferrin (Lf). A
10 simple and cost-effective methodology that allows the direct multifunctionaliza-
11 tion of Ti surfaces was developed. The modified surfaces were characterized by
AFM, X-ray photoelectron spectroscopy, and contact angle measurements.
13 Additionally, in vitro preosteoblast cell adhesion, cell viability, and differentiation
14 were evaluated. The antibacterial capability of the surfaces was tested against
15 Staphylococcus aureus as a prosthesis infection model strain. Our results showed
16 that Lf adsorbed on both Ti surfaces and Ti surfaces with adsorbed AgNPs.
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17 Simultaneously, the presence of Lf and AgNPs notably improved preosteoblast adhesion, proliferation, and differentiation, whereas it
reduced the bacterial colonization by 97.7%. Our findings indicate that this simple method may have potential applications in
medical devices to both improve osseointegration and reduce bacterial infection risk, enhancing successful implantation and patients’
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1. INTRODUCTION

The use of implants in orthopedics and dental practice to keep
damaged bones in their proper alignment or to replace
damaged bones or connective tissue is a widespread surgical
practice to treat diverse diseases such as trauma, osteoporosis,
bone cancer, and joint and spinal injuries, among others.' In
2007, Kurtz et al. estimated that at the end of 2030, hip
replacement will rise by 174% (572,000 procedures) and the
number of total knee arthroplasties will grow by 673% (3.48
million procedures) only in the United States.” However, the
incidence of implant failures is around 10% and the leading
causes are bacterial infections and/or poor osseointegration.’
The outcomes for the patients include chronic pain, disability,
longer healing time, revision surgery, and incremental cost of
healthcare. Hence, implant designs need to include both good
tissue integration and antibacterial properties, both being
essential criteria for a successful irnplantation.4 So far, most of
the research studies described in the literature have focused
only on improving cell adhesion or preventing bacterial
infection, but few of them deal with combined effects to
overcome both issues at the same time. Thus, multifunctional
coatings are emerging as a powerful strategy to develop
sophisticated biomaterials with enhanced performance.’
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To induce the required osseointegration after implantation,
appropriate surface conditions must be generated to guarantee
optimal cell adhesion, proliferation, and differentiation. This
event enables mineral matrix production leading to new bone
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formation. Titanium (Ti) and its alloys have been extensively 4s

used on medical devices due to their mechanical properties,
similar to those of bone,” and good biocompatibility. Today, Ti
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implants can be custom-fabricated with the required geometry s1

to match patients’ anatomical structure to improve material
performance.’

Many authors have studied several strategies to increase the
osteoblast growth on Ti implants.” For instance, Balasundaram
et al. reported a nanocrystalline hydroxyapatite-coated Ti
surface by using molecular plasma deposition, which improved
the osteoblast density,” and recently, Suo et al. developed a
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graphene oxide/chitosan/hydroxyapatite coating that greatly so

increased the cell-material interactions in vitro.” However,
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these works do not consider the bacterial adhesion on implant
surfaces. However, the use of antimicrobial and anti-biofouling
coatings such as metallic nanoparticles or bioactive molecules,
like chitosan and hyaluronic acid, has been widely explored to
prevent bacterial adhesion on implants.w’11 Nevertheless, these
coatings result in low osteoblast adhesion and differentiation or
even in cytotoxic effects.’” Thus, blending different therapeutic
agents with specific properties can be a promising strategy to
deal with this issue. For example, the combination of
hyaluronic acid/chitosan multilayers with the cell-adhesive
RGD peptide reduced bacterial adhesion on TiO,, while
enhancing the interaction of the materials with osteogenic
cells."” Another approach consists in the loading of TiO,
nanotubes, which have shown effective interaction with
osteogenic cells,"* with antimicrobial agents such as silver
nanoparticles (AgNPs),15 chitosan,'® and antibiotics.'” All of
these systems have successfully achieved the expected results,
but these strategies may also have some disadvantages, such as
complex fabrication, including several steps or specific
equipment; polymers may degrade in the physiological
environment; or more importantly, the noncontrolled release
of antimicrobials can induce cytotoxicity,'® lower drug effects,
and the persistent bacterial resistance.'”

Silver (Ag), including nanoparticle, ion, and metal forms, is
widely recognized for its antibacterial and antifungal properties
and has been used for years in medical treatments” Besides,
the main advantage of Ag lies in the lack of bacterial resistance.
Particularly, AgNP adsorption on Ti has been well-studied as
an antimicrobial coating for medical devices.”"”” It has been
proposed that the good antibacterial and antibiofilm properties
of adsorbed AgNPs on bulk materials are due to both the
continuous and slow release of Ag(I) ions produced in oxygen-
containing aqueous media and the direct nanomechanical
action of the AgNP surface on the bacterial cell wall, which
promote the disruption of the bacterial membrane, leading to
cell death.*

Lactoferrin (Lf) is an iron (Fe)-binding protein that can be
found in mammalian mucosal secretions, such as tears, saliva,
colostrum, and milk.”* This biomolecule is important in the
protein-based medicine field since its broad range of protective
effects goes from anticancer, anti-inflammatory, and immune
modulator activities to antimicrobial activity against a large
number of microorganisms. Regarding the Lf antimicrobial
activity, several mechanisms have been proposed, including the
ability to bind large amounts of Fe(III) inhibiting bacterial
grow’ch25 and the direct interaction with bacterial surfaces, to
damage the external membrane of Gram—negative26 cells, and
to bind to anionic molecules (e.g, lipoteichoic acid) of the
bacterial cell wall, reducing the negative charge on the Gram-
positive bacteria.”> Additionally, various authors have demon-
strated the regenerative properties of Lf on different tissues.
Cornish et al. showed that at physiological concentrations, Lf
strongly stimulates the proliferation and differentiation of
primary osteoblasts, while it inhibits osteoclastogenesis.”” All
of these properties together make Lf a promising biodegrad-
able and biocompatible material that could be exploited as an
active multifactorial therapeutic agent.28 Nevertheless, the
methodologies involved required surface pretreatment or linker
molecules to indirectly attach the protein,””*" increasing the
complexity of the preparation procedure and costs.

This work aims to develop a multifunctional surface that has
an antibacterial effect and also promotes osseoregeneration. To
this end, a novel method for the Ti multifunctionalization

through the combined adsorption of Lf and AgNPs is
presented. A two-step procedure was used to achieve the
double functionalization: Ti disks were first immersed in AgNP
dispersion for nanoparticle adsorption, followed by immersion
in Lf solution to attach the protein molecules. The surfaces
were characterized through a multitechnique approach,
namely, X-ray photoelectron spectroscopy (XPS), AFM, and
contact angle measurements. Since the Ti surface is covered
with a native oxide layer,”’ the substrates will hereafter be
denoted as Ti/TiO,. The osseoinductive and antibacterial
properties of the resulting surfaces were assessed through
preosteoblast adhesion, proliferation, and differentiation
studies together with antibacterial bioassays.

2. MATERIALS AND METHODS

2.1. AgNP Synthesis. AgNPs were synthesized, according to
Frank et al,** by the addition of 2.0 mL of 1.25 X 107 M sodium
citrate, 5.0 mL of 3.75 X 10™* M silver nitrate, and 5.0 mL of 5.0 X
1072 M hydrogen peroxide. The Ag(I) reduction was achieved by
adding 2.5 mL of freshly prepared 5.0 X 107> M sodium borohydride
under vigorous magnetic stirring. The colloidal dispersion was then
dialyzed for 2 h to eliminate the excess of reagents. The synthesis
leads to citrate-capped polydisperse AgNPs, which have been
exhaustively characterized in a previous work of Ghilini et al.>> Two
populations were described and consist of nanodisks (12—15 nm in
diameter and 7 & 1 nm in height) and nanoprisms (40 nm in size and
83 + 0.8 nm in height). We have chosen these polydisperse
nanoparticles because small nanodisks are appropriate for a high
efficacy in silver release, whereas bigger nanoprisms, which showed
enhanced antibacterial activity,*® could also act as a silver reservoir at
longer times.

2.2. Lf from Bovine Milk. Lf from bovine milk >85% (My: 87
kDa, Sigma-Aldrich, Germany) was characterized by dynamic light
scattering (DLS) using Malvern Zetasizer Nano series equipment. For
this purpose, Lf was dissolved in phosphate-buffered saline (PBS)
solution (pH = 7.4) at a concentration of 1.2 mg/mL and it was
diluted at a ratio of 1:4 prior to the size measurement (ionic strength:
162.7 mM).

2.3. Ti/TiO, Functionalization with AgNPs and Lf. Ti disks
(0.7 cm in diameter, 99.6%, Advent) polished to mirror grade with
diamond paste were used as substrates. The substrates were washed
with ethanol, rinsed with ultrapure water (Milli-Q), and dried under
N, stream. Lf-coated substrates were obtained by immersing the
samples in the Lf solution for 24 h at 4 °C. After that, the Lf-
functionalized Ti disks (Ti/TiO,/Lf) were gently rinsed with
ultrapure water. Double functionalization of Ti/TiO, disks with
AgNPs and Lf was carried out in two steps: first, clean Ti substrates
were immersed in AgNP dispersion for 3 h and then rinsed with
ultrapure water. After that, the substrates (Ti/TiO,/AgNPs) were
immediately covered with 15 uL of the Lf-buffered solution (1.2 mg/
mL) and left for 24 h at 4 °C. Finally, the multifunctionalized Ti disks
(Ti/TiO,/AgNPs/Lf) were gently rinsed with ultrapure water. Clean
Ti/TiO, disks, Ti/TO,/Lf, and Ti/TiO,/AgNPs were used as
controls with comparative purposes.

2.4. Physicochemical Characterization of the Modified
Substrates. To characterize the functionalized surfaces, topographic
AFM images of each sample were acquired in air in Tapping mode
using a multimode microscope with a Nanoscope V control unit from
Bruker. Scan rates of 0.9—1.2 Hz and RTESP (251—314 kHz and 40
N/m) tips from Bruker were used. Roughness data (R,) were
obtained from three separate images from different regions on each
substrate using Nanoscope V Software. R, was calculated as the
arithmetic average of the absolute values of the surface height
deviations measured from the mean plane.

The surface chemical composition was analyzed by XPS. Measure-
ments of the substrates were performed using an Al Ka source (XRS0,
Specs GmbH) and a hemispherical electron energy analyzer
(PHOIBOS 100, Specs GmbH) operating at a pass energy of 40 or
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10 eV for either low-resolution or high-resolution spectra. Two-point
calibration of the energy scale was performed using sputter cleaned
gold (Au 4f;/,, binding energy = 84.00 eV) and copper (Cu 2p;,,
binding energy = 932.67 eV) samples. C 1s at 285 eV was used as a
charging reference. The experiments were carried out in duplicate,
and the spectral analysis was carried out using CasaXPS v2.3.14 and
XPS Peak 4.0 software packages.

The wettability of the samples was determined by the static contact
angle measurement using a Ramé-Hart 290 goniometer. Ultrapure
water was used as a working fluid. The water drop volume was 2 uL,
and the measurements were performed at room temperature in
triplicate. Then, data were analyzed using DROPImage software.

2.5. Biological Assays. 2.5.1. Bacterial Culture. Staphylococcus
aureus (S. aureus, ATCC 25923) was grown overnight in nutrient
broth (NB; Merck, Darmstadt, Germany) at 37 °C in vigorous
agitation (180 rpm). Optical density measurements of bacterial
inoculums were performed by UV—vis spectroscopy at 586 nm, and
then, appropriate dilution was made in NB to get ~10° colony-
forming units (CFU) mL™" to be used in antimicrobial assays.

2.5.2. Antimicrobial Properties of Modified Ti. The evaluation of
the antimicrobial properties of Ti/TiO,/AgNPs, Ti/TiO,/Lf, and Ti/
TiO,/AgNPs/Lf substrates was carried out as reported previously,”
and the Ti/TiO, surfaces were used as control. In brief, substrates
were placed vertically into each well of a 24-multiwell plate. Then, the
wells were fulfilled with the bacterial dilution (~10® CFU mL™") and
incubated at 37 °C for 2 h to form an early biofilm. After that, the
substrates were removed from NB and gently washed three times by
immersing in sterile water with the aim of removing the cells weakly
attached to the surface. Next, the disks were incubated for 24 h at 37
°C in a 24-well culture plate with a rich phosphate-buffered medium
containing 5 g/L glucose, S g/L mannitol, and 10 g/L glycine in 0.01
M phosphate buffer with a pH of 7 (hereafter denoted as GMP).
Finally, the substrates were gently washed, individually placed in glass
tubes for sonication, and then quantified by the plate count method.
The experiments were made by quadruplicate.

2.5.3. Fluorescence Microscopy. Viability of the S. aureus biofilm
grown on Ti/TiO,/AgNPs, Ti/TiO,/Lf, and Ti/TiO,/AgNPs/Lf
substrates for 24 h was determined by using a LIVE/DEAD Backlight
kit (SYTO 9 and propidium iodide, Invitrogen), according to the kit
protocol. Ti/TiO, surfaces were used as control. Dye (15 uL) was
poured onto each substrate and kept in the dark for 15 min at room
temperature. Then, the dyed biofilm substrates were gently rinsed
with sterile water, and fluorescent bacteria were visualized by
fluorescence microscopy with an Olympus BX-S1 microscope.
UMWG2 (excitation, 510—550 nm; emission, 590 nm) and U-
MWB2 (excitation, 460—490 nm; emission, 520 nm) filters were
used. Bacteria were kept hydrated for the entire procedure.

2.5.4. Cell Cultures. Mouse preosteoblast cell line MC3T3-E1 and
macrophages RAW 264.7 were grown as monolayers in T-2S flasks
with Dulbecco’s modified Eagle’s medium (DMEM) culture medium
(GIBCO-BRL, Los Angeles, USA) supplemented with 10%
inactivated fetal calf serum (Natocor, Villa Carlos Paz, Cordoba,
Argentina), S0 IU/mL penicillin, and 50 pg/mL streptomycin sulfate
in a humidified incubator at 37 °C and in a 5% CO, atmosphere.

Viable cells were counted in a Neubauer hemocytometer by the
exclusion Trypan Blue (Sigma-Aldrich, St. Louis, MO, USA) method.

2.5.5. Preosteoblast and Macrophage Cell Adhesion by Acridine
Orange Staining. To compare the efficiency of cell adhesion on the
different substrates, preosteoblast cells MC3T3-E1 were seeded at 3.7
X 10* cells/cm? on each sample. Briefly, 50 uL of culture media
containing cells was seeded onto Ti/TiO, (control), Ti/TiO,/Lf, Ti/
TiO,/AgNPs, and Ti/TiO,/AgNPs/Lf and kept for 30 min at 37 °C
to promote cell attachment. After that, fresh media was added until 1
mL. The cells onto the samples were incubated for 24 h at 37 °C and
in a 5% CO, atmosphere.

Macrophages RAW 264.7 were seeded onto the modified surfaces,
and Ti/TiO, was used as the control at a density of 7.8 X 10% cells/
cm? The cells onto the samples were incubated for 24 h at 37 °C and
in a 5% CO, atmosphere.

Incubation was followed by gentle washing twice with PBS.
Adherent cells were stained with acridine orange (AO) dye (Sigma-
Aldrich, St. Louis, MO, USA) and immediately examined by
fluorescence microscopy with appropriate filters. The images were
taken with an objective 10X, recorded using the cellSens Software
(Olympus, Tokyo, Japan), and analyzed using the free Fiji software.
The percentage of attached cells relative to control was calculated
according to eq 1, where N; is the number of fluorescent cells in each
substrate and N, is the number of fluorescent cells onto control
substrates. Three independent experiments were performed, and 10
pictures of each sample were taken

attached cells (% of control) = N X 100
A (1)
2.5.6. Cell Viability by LIVE/DEAD Cell Vitality Assay Kit Staining.
The viability of preosteoblast cells adhered to each sample was
determined using a LIVE/DEAD Cell Vitality Assay kit (L34951,
Invitrogen) and fluorescence microscopy according to the manu-
facturer’s protocol. Culture conditions were the same as explained in
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Section 2.5.5. Death control cells were prepared by incubation of 276

MC3T3-El cells adhered to Ti/TiO, with 2 mM H,O, under
standard cell growth conditions for 24 h.

After the incubation period, all samples were gently washed with
sterile PBS twice, followed by dropping 50 uL of staining solution and
incubating for 1S min in the dark at 37 °C and in a 5% CO,
atmosphere. Then, images of stained cells were captured by
fluorescence microscopy, and live cell percentage with respect to
total adhered cells was calculated for each condition according to eq 2

live cells (% of total cells)

red stained area (live cells)
X 100

total stained area (live + dead cells) (2)

2.5.7. Cell Differentiation Analysis. To promote cell differentiation
toward mature osteoblast, MC3T3-E1 cells were incubated with an
osteogenic medium prepared as follows: DMEM medium was
supplemented with 10 mM p-glycerol phosphate and 50 pg/mL
ascorbic acid, which are known as differentiation gene activators.>*
Osteogenic media were renewed for every 3 days.

2.5.7.1. Alkaline Phosphatase Activity by SK-5100 Vector Red Kit
Staining. After 15 days of incubation with osteogenic media, cells on
the different substrates were gently rinsed with PBS and stained with
50 uL of work solution of Vector Red Alkaline Phosphatase (ALP)
Substrate kit. The Vector Red Substrate produces a fluorescent red
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reaction product in the presence of an ALP enzyme. After 30 min of 297

incubation in darkness, each substrate was rinsed with PBS and
immediately observed using a fluorescence microscope with a
UMWG? filter (excitation, S10—550 nm; emission, 590 nm). Ti/
TiO, surfaces were used as controls. Then, the ALP activity was
estimated by percentage of the stained area on each surface, which is
as follows:

ALP activity (% stained area)
red stained area ALP (sample) y

100

Q)

2.5.7.2. Type | Collagen Production and Mineralization
Determination by Colorimetric Assays. The type I collagen
production and mineralization were determined as reported else-
where.*® The cells on the different substrates were incubated with
osteogenic media for 21 days. After that, the samples were gently
rinsed with PBS, fully covered with Bouin solution (the ratio of picric
acid, formaldehyde, and acetic acid is 15:5:1), and incubated for 30
min. Then, the samples were rinsed with distilled water and covered
with Sirius Red 0.1% p/v (picric acid solution 0.1% p/v) for 1 h. This
colorant reacts with amine groups of collagen type I producing a pink
complex.®® Finally, the substrates were washed with 0.01 N HCI
solution, and the complex was extracted from cells with 0.1 N NaOH
solution. Ti/TiO, surfaces were used as controls. Absorbance was

total area
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Figure 1. XPS spectra and peak fitting for Ti/TiO,/Lf samples: (A) N 1s, (B) C 1s, and (C) S 2p.
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Figure 2. XPS spectra and peak fitting for Ti/TiO,/AgNPs/Lf samples: (A) N 1s, (B) C 1s, (C) S 2p, and (D) Ag 3d.

read at 4 = 550 nm, and the collagen production was expressed as a
percentage of control, as given in eq 4

Absgg, sample

type I collagen (% of control) = X 100

Absgg, control (4)

Mineralization grade was determined by quantifying Ca(II)
deposition based on the Alizarin Red staining protocol. This dye
selectively attaches to Ca(Il) at pH 4.2, forming a red-orange solid
soluble at an alkaline pH.”” Cells attached to each surface were
incubated for 21 days in an osteogenic medium, and after that period,
the cells were washed with PBS. The cells were fixed with 10%
formalin in phosphate buffer (pH 7.1) for 10 min and immediately
rinsed with distilled water. After that, substrates were covered with
alizarin aqueous solution (2% p/v, pH 4.2) for 10 min. Then, the dye
was removed and washed thrice with distilled water, and the
precipitate was solubilized with 0.1 N NaOH solution. Ti/TiO,
surfaces were used as controls. Finally, the absorbance of the solution
was measured at 4 = 548 nm to calculate mineralization as a
percentage of control, as given in eq S.

Abs, ¢ sample
mineralization (% of control) = e TP E X 100

Absg,g control

()

2.5.8. Statistical Analysis. Statistical differences were analyzed
using ANOVA plus the multiple range test of Bonferroni.*® All of the

measurements were presented as the mean + standard error of the 338
mean. Differences were considered statistically significant at p < 0.0S. 339

3. RESULTS AND DISCUSSION

3.1. Surface Characterization. The AgNP and Lf 340
adsorption on Ti/TiO, was analyzed by a multitechnique 341
approach, namely, XPS, AFM, and contact angle measure- 342
ments. It is well-known that in an oxygen-rich or aqueous 343
atmosphere and at room temperature, the Ti surface is covered 344
by a native oxide layer exposing —OH functional groups, which 34s
makes the surface more hydrophilic. Also, the isoelectric point 346
of Ti/TiO, is 5=5.5, resulting in a negatively charged surface 347
at physiological pH. These physicochemical features of the 348
surface promote the protein® and citrate-coated AgNP 349
adsorption,'? as it was previously reported. 350

XPS spectra were acquired for N, C, and S for both Ti/ 3s1

TiO,/Lf (Figure 1) and Ti/TiO,/AgNPs/Lf (Figure 2), for 3s2fif2

which the Ag spectrum was also recorded. The N 1s signal 3s3
shows three contributions, corresponding to NH—-C=0/C— 354
NH,, NH;", and C—N=C/N—Fe groups (Figures 1A and 3s5
2A), which are typical for organic nitrogen species, at 400, 3s6
~402, and ~399.2 eV, respectively. The C 1s high-resolution 3s7
spectra reveal five main transitions at 285 (adventitious 3s8
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359 carbon/C—H/C—C), 285.95, 286.6, 288.25, and 290 eV
360 assigned to C—H/C—-C, C-OH/C—-N, —C=0/N-C=0,
361 —COO—, and COOH, respectively (Figures 1B and 2B).

362 These results confirm the presence of protein on both
363 substrates. The COOH and COO™ signal can be attributed to
364 both the Lf amino acids and the citrate capping of AgNPs.'’
365 The S 2p spectrum can be fitted with a doublet at 163.5 eV,
366 corresponding to C—S—S—C moieties of the protein’s third
367 structure (Figures 1C and 2C). Importantly, the signal
368 expected at 161 eV for S—Ag bonds™” is not observed (Figure
369 2C), suggesting that if Lf interacts with AgNPs, this is
370 produced by electrostatic interactions between negatively
371 charged AgNPs and the Ti/TiO, surface and positive Lf.
372 Figure 2D shows the Ag 3d spectrum for Ti/TiO,/AgNPs/Lf
373 substrates with the typical double peak at 368.3 eV, attributed
374 to Ag”*' Tt has been previously reported that electrostatic
375 interactions are responsible for the Lf adsorption on Ti
376 surfaces, in agreement with our results.”

377 The wetting properties of biocompatible surfaces are
378 important for cell attachment, which will promote tissue
379 formation and growth on implants. Some permanent
380 prostheses need to be strongly anchored to the tissue to
381 achieve their mechanical and biological roles,** and thus,
382 materials having hydrophilic surfaces are preferred. Hence, the
383 surface hydrophilicity is a significant parameter that should
384 favor osteoblast adhesion without promoting bacterial biofilm
385 formation.** The effects of the Ti/TiO, functionalization on
386 the surface wettability were monitored by contact angle
387 measurements. The values shown in Table 1 indicate that after

—

—_

Table 1. Contact Angle Values for Bare and Modified Ti/
TiO, *
Ti/TiO, Ti/TiO,/AgNPs/Lf
69.3 + 4.7 249 + 1.6

“The values are presented as the mean =+ standard deviation of three
independent measurements. Different letters mean statistically
significant differences (p < 0.05).

Ti/TiO,/AgNPs
57.8 + 1.5°

Ti/TiO,/Lf
45.8 + 2.8°

388 the Lf incorporation into the Ti/TiO, surface, a reduction in
389 the contact angle is noted, which is consistent with an increase
390 in the surface hydrophilicity.*>** Also, the multifunctionalized
391 Ti/TiO,/AgNPs/Lf samples have the lowest contact angle,
392 indicating a synergic effect when both Lf and AgNPs are
393 present on Ti surfaces. In fact, it has been reported that AgNPs
394 deposited on different surfaces such as polyethylene,
395 hydroxyapatite (dental enamel), and Ti*’ as well as on
396 poly(vinylidene fluoride) membranes*® decrease the contact
397 angle in relation to that corresponding to the bare substrate.
398 This increased hydrophilicity was attributed to the AgNP
399 oxidation in air-saturated aqueous media,"” which generates
400 Ag(I) ions, leading to hydrated Ag(I) ions adsorbed on the
401 nanoparticle surface. These hydrated Ag(I) ions were proposed
402 as responsible for the decrease in the contact angle for AgNP-
403 modified surfaces.*

404 The surface appearance of the modified samples and Ti/
405 TiO, control was analyzed by AFM (Figure 3).

406  Figure 3B shows the Ti/TiO,/Lf surface, where bumps with
407 the height ranging between 8 and S nm (inset in Figure 3B)
408 can be attributed to Lf on the surface. The bump height well
409 agrees with the Lf size (8 = 1 nm) obtained by DLS
410 measurements of the protein in aqueous solution and is
411 consistent with the bilobal globular shape with approximate

—_

=t

—

dimensions of 40 nm X 5.1 nm X 7.1 nm reported for 412
LE£***These bumps are also observed on Ti/TiO,/AgNPs/Lf 413
surfaces (Figure 3D), where both AgNPs (triangular nano- 414
prisms, red line) and Lf (green line) are individually adsorbed. 415
The surface roughness was determined by measuring R, 416
from 2 X 2 ym® AFM images (Table 2). The results show the 41712
highest R, values for the multifunctionalized substrate. 418
3.2. Antibacterial Behavior of Multifunctionalized 419
Surfaces. The ability of the modified surfaces to inhibit the S. 420
aureus growth and proliferation was tested. We have chosen S. 421
aureus as a model strain because among the surgical site 422
infections (SSI) caused by bacteria, S. aureus has been 423
identified as the most reported pathogen. Moreover, from 424
incidence studies, orthopedic procedures lie second in the SSI 425
rate (15.1%),”" which is a serious issue, considering that SSIs 426
associated with implants may not be evident until 1 year after 427
the procedure. Hence, the experimental model used in this 428
work consisted of the following two steps: (1) bacterial surface 429
colonization in nutritive broth (early biofilm formation), 430
indicated as t = 0, and (2) bacterial growth and proliferation 431
on the surface in sterile GMP medium for 24 h, indicated as t = 432
24 (see Section 2). Then, viable cells from the surface were 433
quantified by a serial dilution method after each step. 434
All of the functionalized Ti/TiO, surfaces sowed a killing 435
effect at the initial time (¢ = 0), as the number of viable cells on 436
functionalized surfaces is lower than those found on 437
unmodified substrates (Figure 4, up). Also, bacterial 43 &
proliferation was inhibited (98.3% for Ti/TiO,/Lf, 97.6% for 439
Ti/TiO,/AgNPs, and 97.7% for Ti/TiOZ/AgNPs/Lf) after 24 440
h of incubation, showing bacteriostatic properties for all of the 441
modified samples. However, epifluorescence microscopy 442
images of the samples after 24 h of incubation (Figure 4, 443
down) show few adhered bacteria on functionalized surfaces, 444
with some of them remaining alive, in good agreement with the 445
quantitative plate counting (Figure 4, up). However, there 446
were no significant differences in the counted CFU for Ti/ 447
TiO,/Lf, Ti/TiO,/AgNPs, and Ti/TiO,/AgNPs/Lf, indicating 448
that the multifunctionalization does not lead to a synergic or 449
additive effect. 450
3. Biocompatibility Assays. Initial osteoblast adhesion 4s1
e implant surface is crucial for long-term stability and cell 452
differentiation. Furthermore, the ability of cells to adhere on 4s3
surfaces is influenced by the surface pretreatment, which affects 454
the cell proliferation capacity.”’ However, following initial 455
blood interaction with a foreign body, serum proteins adsorb 4s6
onto the surface, modulating the immune system response. 457
Consequently, Ti implants may be recognized as foreign 4ss
bodies and therefore covered by granular and fibrous tissue 459
through a process known as encapsulation,”’ which hinders the 460
proper fixing and integration of the implant. In this context, 461
neutrophils, lymphocytes, monocytes, and finally macrophages 462
play a crucial role in recognizing material surface characteristics 463
and expressing biological factors in the surrounding tissue.”' 464
Thus, limiting macrophage adhesion and inducing adherent 465
macrophage apoptosis would lead to reduced inflammatory 466
activity and prevent failure of implanted biomedical devices.”' 467
Consequently, to analyze the cytocompatibility of the 468
functionalized surfaces, the adhesion and viability of 469
MC3T3-E1 preosteoblast cells and Raw 264.7 macrophages 470
were studied. 471
3.3.1. Preosteoblast Adhesion and Viability. Figure 5 47265
shows the results obtained for the MC3T3-E1 adhesion and 473
survival on the modified surfaces. The cell adhesion is 474
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Figure 3. AFM images of (A) Ti/TiO, (2 X 2 ym?), (B) Ti/TiO,/Lf (1.5 X 1.5 um?), (C) Ti/TiO,/AgNPs (2 X 2 ym?), and (D) Ti/TiO,/
AgNPs/Lf (1.5 X 1.5 um?). The insets show the cross-sectional analysis along the respective lines.

Table 2. R, Values for Different Substrates from AFM

Images
substrate average R, (nm) SD
Ti/TiO, 16 0.9
Ti/TiO,/AgNPs 24 0.1
Ti/TiO,/Lf 22 0.6
Ti/TiO,/AgNPs/Lf 7.2% 0.5

*Statistically significant difference (p < 0.0S).

475 enhanced on Ti/TiO,/AgNPs/Lf (Figure Sab), since the
476 number of cells is 80% higher than the control, whereas the
477 AgNPs or Lf individually adsorbed does not influence the
478 attachment of the cells. These results are also evident in the
479 fluorescence microscopy images of cells stained with AO
480 presented in Figure Sa, where cell confluence (white arrows in
481 Figure S) can be observed in the multifunctionalized substrate
482 (white arrows in Figure Sb,D), indicating a suitable surface—
483 cell interaction. In addition, the viability of the attached cells
484 was studied using a LIVE/DEAD kit for mammalian cells
ass (Figure Sc), revealing that all cells remained viable after 24 h
486 from adhesion. Therefore, it can be assumed that the modified
487 Ti/TiO, surfaces not only are noncytotoxic in the conditions
488 used in this work, but also the combined immobilization of Lf
480 and AgNPs on Ti/TiO, leads to a surface that promotes
490 osteoblast cell adhesion. The enhanced cell adhesion can be
491 interpreted in terms of the higher hydrophilicity and higher
492 roughness of the Ti/TiO,/AgNPs/Lf samples (Tables 1 and
493 2). The influence of the surface properties on cell adhesion and
494 proliferation has been extensively studied.”> Regarding the

effect of the surface wettability, the general agreement indicates 495
that cells more probably adhere to hydrophilic surfaces than 496
hydrophobic ones. For example, Wei et al.”” analyzed the cell 497
attachment on surfaces having contact angles varying from 0° 498
to 106° and concluded that more fibroblasts adhere as the 499
hydrophilicity of the surface increases. Zelzer et al.>* applied a so0
surface chemical gradient and demonstrated that fibroblasts so1
adhered and proliferated preferentially in the hydrophilic area, so2
showing a gradual decrease in the cell density toward the s03
hydrophobic zone of the gradient. Also, Lim ef al. found that so4
osteoblast attachment efficiency increases with substratum sos
hydrophilicity.”> It has been proposed that the surface sos
wettability influences the type, conformation, and binding so7
strength of the proteins adsorbed from culture media, as well as sos
the spatial conformation of extracellular matrix molecules, s09
which mediate the cell adhesion.”® However, the cell adhesion sio
is also influenced by the surface nanoscale roughness because s11
the nanometer features are considered close to the morphology si12
of natural tissue, thus positively influencing cell adhesion, s13
growth, and maturation. For instance, the increase in the s14
nanoroughness of the biomaterial surface enhances the human s1s
venous endothelial cells.’® In particular, Zareidoost et al. sis
analyzed the osteoblast adhesion on Ti surfaces having s17
different roughnesses and found a higher cell attachment on s18
rougher substrates and, therefore, a higher biocompatibility of s19
the Ti surface. Since surface nanoscale roughness approaches s20
to the size of proteins and cell membrane receptors, it could s21
take part in osteoblast differentiation and tissue regeneration.”” 522

Lf biocompatibility is well-known for either forming s23

. 58 . e . 29,59,6
composites™ or immobilizing on different surfaces. 524
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Figure 4. (1 Attached viable bacteria expressed as CFU mm™ on

Ti/TiO, control and functionalized surfaces at t = 0 and 24 h, on a
logarithmic scale. Different letters mean statistically significant
differences with p < 0.05. (Bottom) Live/Dead BacLight staining
after 24 h on Ti/TiO, (A), Ti/TiO,/Lf (B), Ti/TiO,/AgNPs (C),
and Ti/TiO,/AgNPs/Lf (D), with a magnification of 40X. Orange-
red: dead cells; green: live cells.

Particularly, Kim et al. have studied MG-63 cell adhesion and
proliferation onto heparin-dopamine-Lf-modified Ti surfaces,
showing that proliferation increases with time in both bare Ti
and treated surfaces.”” However, the biocompatibility,
genotoxicity, and cytotoxicity of AgNPs depend on many
factors, such as size, shape, surface charge, capping, and
concentration, among others. The cellular response to AgNPs
differs according to the cell type and the physicochemical
nature of the nanoparticles.”’ Most of these studies have been
carried out by adding different doses of dispersed AgNPs to
the cell culture, but few of them involve adsorbed nano-
particles. Generally speaking, AgNPs at low concentrations
have no cytotoxic effects.”” Hence, our results suggest that the
Ti/TiO,/AgNPs/Lf substrates have a suitable antibacterial
effect combined with an enhanced promoting effect on
preosteoblast adhesion as a result of the influence of both
the adsorbed protein and AgNPs.

3.3.2. Macrophage Adhesion. The host response to a
foreign body is primarily mediated by macrophages. The
acuteness of the reaction depends on the nature of the
implanted material, the characteristics of the implant surface,
and the individual reaction of the host. The immune response
to indwelling devices involves the protein adsorption on the
surface, macrophage adhesion and activation, and the release of
chemokines that recruit additional macrophages and other
immune cells, inducing severe inflammation and leading to
chronic inflammation, followed by fusion of macrophages,
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Figure S. (a) Epifluorescence images of attached preosteoblast cells
stained with AO after 24 h of incubation on Ti/TiO, (A), Ti/TiO,/
AgNPs (B), Ti/TiO,/Lf (C), and Ti/TiO,/AgNPs—Lf (D). (b)
Number of adhered MC3T3-E1 cells on the different substrates after
24 h of incubation. The results are expressed as % of the control (bare
Ti/TiO,). Asterisk means the statistically significant difference (p <
0.05). (c) Viable cells (Live/Dead Cell Vitality Assay Kit staining)
after 24 h, expressed as % of the total number of adhered cells on each
surface. Death control corresponds to H,O,-treated cells.

formation of foreign body giant cells, and finally, the fibrous
encapsulation of the implanted material.* Thus, the extent of
the macrophages’ adhesion on the modified substrates was
studied and compared with that corresponding to the Ti/TiO,
control. Figure 6a shows epifluorescence images of RAW 264.7
cells stained with AO on the assayed substrates. It can be
observed that the cells exhibit a low spreading morphology and
conserved their native spherical shape, which could be related
to a low macrophage activation.”* From quantitative analysis
(Figure 6b), it can be concluded that the adsorption of Lf,
AgNPs, or both AgNPs and Lf does not induce a higher
macrophage adhesion nor an enhanced activated phenotype
when compared to bare Ti/TiO,. Thus, it is expected that the
modified substrates would not trigger an exacerbated immune
response. Furthermore, the fact that the multifunctionalized
surface enhances the preosteoblast adhesion but does not affect
the macrophage attachment would indicate that the surface
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Figure 6. (a) AO-stained macrophages after 24 h of adhesion on (A)
Ti/TiO,, (B) Ti/TiO,/AgNPs, (C) Ti/TiO,/Lf, and (D) Ti/TiO,/
AgNPs/Lf. (b) Number of adhered macrophage cells on each surface
expressed as % of the control (bare Ti/TiO,). Cells from 10 images
were counted for each substrate.

modification is able to induce selective osteogenesis. Addi-
tional investigation is needed to confirm this hypothesis.

3.4. Osseoregenerative Properties of Multifunction-
alized Surfaces. Osseoregeneration is important to those
orthopedic implants (dental, femoral, and hip) that need to be
integrated to the bone to accomplish the intended function.
Consequently, promoting the proper adhesion, proliferation,
and differentiation of tissue cells is desirable to help the
production of the mineralized matrix and bone formation. Lf
has the ability to promote osteoblast cell proliferation,
differentiation, and mineralization, which is considered as an
osteogenic molecule. Moreover, Lf acts as a survival factor in
osteoblasts, decreasing apoptosis. Thus, the use of Lf on
multicomponent coatings acts as an osteogenic mediator and
stimulator, modulating bone fixation to implants.

The collagen extracellular matrix and ALP, which are
involved in matrix calcification and osteocyte maturation, are
indicators of the new bone tlssue formation.>* Also, the
quantification of Ca(II) and PO, ions is used as a marker for
osteoblast differentiation since approximately 60% of bone
tissue is composed of hydroxyapatite. Thus, the mineralization
and differentiation of preosteoblastic MC3T3-E1 cells adhered
to the modified surfaces were evaluated through type 1
collagen, ALP, and Ca(II) ion production.®®

3.4.1. Collagen and Matrix Mineralization Analysis.
Mineralization grade was studied by quantifying Ca(II) and
type I collagen production by MC3T3-E1 cells after 21 days of
growth on each substrate with osteogenic medium. Higher
Ca(Il) and collagen concentrations indicate hlgher dlffer—
entiation from preosteoblast to mature osteoblast.” The

results depicted in Figure 7 indicate that Lf or AgNPs adsorbed
on the substrates rise the produced Ca(II) levels, but not the

o
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Figure 7. (a) Mineralization grade assessed by the Ca(II) deposition
measurement and (b) type I collagen production by MC3T3-E1 cells
on each substrate. The results are expressed as % of the control (bare
TiO,). Measurements were carried out after 21 days of incubation in
the osteogenic medium. Different letters mean the statistically
significant difference, p < 0.0S.

collagen production, in comparison to the unmodified
substrate. However, the simultaneous presence of AgNPs and
Lf significantly enhances the amount of both collagen and
Ca(Il), in concordance with the higher number of adhered
preosteoblast cells. Similar outcomes were found in previous
repcégt_s6 :vith Lf-heparin- or Lf-hydroxyapatite-modified surfa-
ces.
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3.4.2. ALP Analysis. To evaluate the early differentiation of 608

preosteoblast grown onto different substrates in vitro, semi-
quantitative evaluation of ALP enzyme production after 15
days of incubation was carried out by fluorescence SK-5100
Vector Red kit assay. Our results indicate that the ALP activity
was noticeably enhanced by cells exposed to all of the
functionalized surfaces compared with Ti/TiO, control (Table
3). Besides, Ti/TiO,/AgNPs/Lf substrates presented the

Table 3. ALP Enzyme Activity Expressed as % of Stained
Area in Relation to the Total Area of the Substrate after 15
Days of Incubation in the Osteogenic Medium*

Ti/TiO,/ Ti/TiO,/
substrate Ti/TiO, AgNPs Ti/TiO,/Lf AgNPs/Lf
% stained 264 + 3.1° 432 + 2.0° 32.6 + 6.2° 48.5 + 4.1°

area

"Different letters mean the statistically significant difference (p <
0.05).
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highest levels among all samples (48.5 + 4.1%). Therefore, the
multifunctionalized surface is able to stimulate osseoregenera-
tion.

The higher collagen production, Ca(II) deposition, and ALP
activity produced by MC3T3-E1 cells grown on the Ti/TiO,/
AgNP/Lf surface can be attributed to the greater number of
preosteoblast cells attached to this surface, which can be
explained by its highest hydrophilicity and nanoscale rough-
ness (see Section 3.3.1). Moreover, it has been reported that
nanostructured surfaces induce an increase in ALP synthesis
and an increased Ca-containing mineral production associated
with a higher osteoblast proliferation.69

4. CONCLUSIONS

The surface multifunctionalization of Ti with Lf and AgNPs
was successfully achieved by a simple two-step protocol.

Our results suggest that the protein molecules adsorb by
electrostatic interactions between the positively charged Lf and
the negatively charged Ti/TiO, and AgNPs. The simultaneous
presence of Lf and AgNPs enhances the hydrophilicity and
nanoroughness of the substrate, making it suitable for
preosteoblast cell adhesion but not for macrophages. The
designed surfaces have good antibacterial properties, necessary
to inhibit initial bacterial attachment to implants. Although the
multifunctionalization does not lead to the synergic or additive
antibacterial effect, the blending of AgNPs and Lf on the
surface provides an appropriate cytocompatibility and
enhances the osteogenic properties, while macrophage attach-
ment is not affected by the modified surface. These results are
remarkable clues that the multifunctionalized surface would
have an osseointegration-promoting effect without stimulating
exacerbated inflammatory or fibrous reaction.

The findings of this work suggest that the multifunctional-
ized Ti surface is an achievable and promising strategy to
reduce prosthesis-related infections and improve the long-term
efficacy and stability of implants. The procedure is easy and
cost-effective and does not require specific expensive equip-
ment or complex methodologies nor qualified personnel.
Importantly, several different implants can be modified
simultaneously in each batch. Further studies in this direction
should include in vivo assays to understand the more realistic
behavior of the modified surfaces.
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